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Edited by Michael R. BubbAbstract Actin ﬁlaments are organised into sub-compartments
of meshwork and bundles in lamellipodia. Localisation of fascin,
the LIM and SH3 domain protein 1 (lasp-1), and lasp-2 to the
bundles suggest their involvement in that organisation; however,
their contributions remain unclear. We have compared the turn-
over of these proteins with actin at the bundle. After photoble-
aching, EGFP-actin recovered inwards from the bundle tip,
consistent with the retrograde ﬂow by treadmilling. In contrast,
the recovery of EGFP-fascin, -lasp-1 and -lasp-2 occurred from
the anterograde direction. These results suggest that these mole-
cules would participate in the stabilisation of bundles but not in
initiation.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A locomoting cell attached on a substrate is extending lamel-
lipodia and ﬁlopodia. It has been reported that many proteins
are involved in the dynamics of actin ﬁlaments in lamellipodia
[1]. At the tip of a lamellipodium, small G-protein Rac acti-
vates the Arp2/3 complex through WAVE/Scar family proteins
to initiate the dendritic network of actin ﬁlaments that push
the cell membrane in the outward direction [2]. In contrast
to the detailed knowledge regarding the dynamics of actin
and the roles of its accessory proteins in lamellipodia, the
mode of formation of ﬁlopodia is not very well deﬁned. It
has been proposed that clustering of the barbed ends of actin
ﬁlaments at the lamellipodial tip is the initial step in the forma-
tion of ﬁlopodia, and the subsequent bundling of these actin
ﬁlaments supports the protrusion of ﬁlopodia from lamellipo-
dia [3]. Existing evidence suggests that fascin is the main actin
ﬁlament bundling protein in ﬁlopodia [4]. Furthermore, it has
been reported that other actin ﬁlament binding proteins,
namely, lasp-1 and lasp-2, localise in the ﬁlopodial structures
in neural cells [5].*Corresponding author. Fax: +81 92 865 6030.
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doi:10.1016/j.febslet.2006.04.082Fascin contains two actin ﬁlament binding sites near the N-
terminal phosphorylation sequence and in the C-terminal half
[6]. Phosphorylation of fascin by C-kinase decreases its actin
ﬁlament binding activity in vitro [7]. Fascin localises to the ﬁl-
opodia of various types of cells from invertebrates to mammals
[8,9]. Lasp-1 was identiﬁed as a human gene product that is
ampliﬁed in breast carcinoma and phosphorylated in parietal
cells by histamine stimulation [10,11]. The lasp-1 molecule con-
tains three distinct domains: a LIM domain at the N-terminus
followed by tandem twin nebulin repeats and an SH3 domain
in the C-terminal region [12]. Nebulin repeats are proposed to
be responsible for the actin ﬁlament binding activity that is
regulated via phosphorylation by cGMP- and cAMP-depen-
dent protein kinases [13,14]. Lasp-1 has been reported to reg-
ulate cell migration and localise at focal adhesions and the
leading edge [12,15]. Recently, based on the human genomic
sequence data in silico, lasp-2 has been suggested to be a
new member of the lasp family [16], and it has been detected
as an actin ﬁlament binding peptide in chicken brain extract
[5]. Lasp-2 contains a triple nebulin repeat and colocalises with
lasp-1 to the actin ﬁlament bundles in neural cells and focal
adhesions in ﬁbroblastic cells [5,17,18].
Filopodial actin bundles protrude from the cell edge and ex-
tend backwards into the lamellipodia [19,20]. If ﬁlopodial actin
ﬁlaments are tightly cross-linked, the lateral dynamics of ﬁlo-
podia within the lamellipodial meshwork, as well as their fu-
sion, as observed previously in Aplysia neuronal growth
cones [21], cannot be readily explained. How are ﬁlopodial ac-
tin ﬁlament bundles maintained in the lamellipodial dendritic
network? In order to understand this mechanism, it is neces-
sary to clarify the dynamics of actin ﬁlament cross-linkers in
ﬁlopodia; however, their dynamics remain unknown. Thus,
we observed the turnover of actin ﬁlament binding proteins,
fascin and the lasp family proteins, within actin bundles in
lamellipodia.
2. Materials and methods
2.1. Expression constructs and transfection
pECFP-C1, pEYFP-C1, and pEGFP-actin were obtained from Bec-
ton, Dickinson and Company. pEGFP-lasp-1 and pEGFP-lasp-2 were
reported previously [5]. pEGFP-human fascin-1 was a gift from Dr. S.
Yamashiro (Rutgers University, Piscataway, NJ). pEGFP-VASP [22]
was donated by Dr. J.V. Small (Institute of Molecular Biotechnology,
Vienna, Austria). To obtain pECFP and pEYFP variants from these
constructs, the sequence encoding EGFP was replaced by that ofblished by Elsevier B.V. All rights reserved.
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tors. The cDNA fragment encoding fascin, lasp-1 or lasp-2 was in-
serted into the vector following the sequence of ﬂuorescence protein
to express as N-terminal tagged molecule. These constructs were trans-
fected with SuperFect (QIAGEN) in accordance with the manufac-
turer’s instructions.
2.2. Live cell microscopy and FRAP
NG108-15 and C2C12 cells were cultured in DMEM with 10%
FetalClone III (HyClone) and penicillin/streptomycin (Sigma–Aldrich)
at 37 C, as described previously [23]. For NG108-15 cells, a cover
glass was sequentially treated with poly-L-lysine (Sigma–Aldrich) and
laminin (Sigma–Aldrich) just prior to its use. For C2C12 cells, a cover
glass was treated with laminin. Transfected cells were cultured in an
open heating chamber as described previously [24]. For FRAP analy-
sis, the chamber was mounted on a confocal laser microscope
(LSM510, Carl Zeiss). A rectangular area set by the image acquisition
computer program for LSM510 was scanned 10 times by laser light at
maximum power to bleach ﬂuorescent proteins. The contrast of the ac-
quired images was adjusted with ImageJ v1.32 (http://rsb.info.nih.gov/
ij/) and arranged in the ﬁgures using Adobe Photoshop 6.0 (Adobe
Systems).3. Results
In a lamellipodium extending from an NG108-15 cell, several
actin bundles were moving laterally and merged into a single
one, as in previous reports on Aplysia neuronal growth cones
and mouse melanoma cells (Fig. 1; [21,25]). Since actin ﬁlament
ﬂow in a retrograde direction was revealed by ﬂuorescence
recovery after photobleaching (FRAP) analysis [26,27], we ap-
plied FRAP analysis to NG108-15 cells expressing EGFP-
tagged molecules to compare the turnovers of fascin and lasp
molecules with that of actin (Supplemental video1.mov). N-ter-
minal tagged fascin and lasp-1 with EGFP has been reported to
show a similar localisation to the endogenous one [28]. Lasp-2
molecule fused with EGFP at its N-terminal concentrated to fo-
cal adhesions and ﬁlopodial structures as same as lasp-1 [5,17].
These previous results indicate that N-terminal tagging of these
molecules with ﬂuorescence protein should not aﬀect signiﬁ-
cantly the regulation of their subcellular localisation. Thus we
used N-terminal tagged fascin, lasp-1 and lasp-2 with ﬂuores-
cence protein to analyse their dynamics on actin ﬁlament
bundle. In the time-lapse video sequence, ﬂuorescence from
EGFP-actin was recovered from both the tips of lamellipodia
and actin bundles after photobleaching, as reported previously
(Fig. 2A and E; [26,27]). The ﬂuorescence recovery of the actin
bundle was synchronised with that of the surrounding lamelli-
podia (Fig. 2A). The ﬂuorescence intensity proﬁles conﬁrmed
that most of the actin molecules were incorporated in both
the tips of lamellipodia and actin bundles (Fig. 2E 0). In the
present study, the average retrograde ﬂow rate of actin was
0.084 ± 0.056 lm/s (n = 4) in lamellipodia. This rate was similarFig. 1. Actin bundles were moving laterally in lamellipodia extended from
bundles were contacted, they commenced fusion from the tip (arrows). Timto the previous report on the ﬁlopodia of the growth cone
extending from NG108-15 cells (0–0.055 lm/s; [29]). EGFP-
fascin was localised to the actin bundles, but EGFP-lasp-1
and -lasp-2 localised to the lamellipodial region in addition to
the bundles (Fig. 2B–D). In contrast to actin, their ﬂuorescence
was recovered gradually from the base of the lamellipodium
and actin bundle (Fig. 2B–D and F–H). Just after photobleach-
ing, their ﬂuorescence intensity proﬁles showed a gentle upgra-
dient from the tip of the bundle to its base (2-s traces in
Fig. 2F 0–H 0). Recovery was complete around 8 s (8-s traces in
Fig. 2F 0–H 0). These ﬂuorescence recovery processes indicated
that fascin, lasp-1, and lasp-2 molecules spread according to
diﬀusion rather than active transport. To compare these recov-
ery processes quantitatively, we measured the ﬂuorescence
intensity in the bleached area (Fig. 3). In actin bundles, both
EGFP-lasp-1 and -lasp-2 recovered to a half of ﬁnal plateau va-
lue around 6 s, which is the same as that of EGFP-fascin.
The signiﬁcant localisation of fascin to actin bundles sug-
gested the role of fascin as the primary cross-linker of the actin
bundle. If fascin is bound tightly to actin ﬁlaments, it should
move in the retrograde direction along with actin ﬁlaments.
Thus, we applied FRAP analysis to cells coexpressing ECFP-
actin and EYFP-fascin (Fig. 4; Supplemental video2.mov).
Three seconds after photobleaching, the ﬂuorescence from
ECFP-actin appeared at the tips of both lamellipodia and actin
bundles (Fig. 4C, left panel). Within 30 s, ECFP ﬂuorescence
was recovered in a belt approximately 2 lm wide along the cell
edge (Fig. 4E, left panel). In the same photobleached area,
EYFP ﬂuorescence was recovered gradually over actin bundles
without any bright spots, and a time-dependent increase in
intensity was observed (Fig. 4A–E, right panels; A 0–E 0). The
EYFP ﬂuorescence intensity on a newly polymerised part of
the actin bundle was similar to that on a pre-existing bundle
in the base area (arrowheads and double arrowheads in
Fig. 4C 0 and D 0). These results indicated that the aﬃnity of
fascin to the actin ﬁlament was independent of the turnover
of actin molecules in lamellipodia and actin bundles. In addi-
tion, the exchange of fascin molecules appeared to have no ef-
fect on the structure of the actin bundle. These features were
conﬁrmed by the recovery of EYFP ﬂuorescence on the actin
bundle that had detached from the lamellipodial tip
(Fig. 4A–E, arrows). During retrograde movement in the
lamellipodium, although ECFP-actin was not incorporated
into the bundle, EYFP-fascin ﬂuorescence was recovered.
Recently, the organisation of actin ﬁlaments in neuronal
growth cones has been reported to diﬀer from that in non-neu-
ral lamellipodia [30]. Thus, we observed the turn-over of actin
and fascin in lamellipodia extending from C2C12 myoblasts to
conﬁrm that the diﬀusive movement of fascin was not speciﬁc
in neural cells (Fig. 5). Although ECFP-fascin ﬂuorescence wasNG108-15 cells. Cells were transfected with EGFP-actin. When the
e is given in seconds. Bar: 2 lm.
Fig. 2. FRAP analysis of actin and actin ﬁlament binding proteins in the NG108-15 cells. Cells were transfected with EGFP-actin (A), EGFP-fascin
(B), EGFP-lasp-1 (C), or EGFP-lasp-2 (D) and photobleached at 0 s. The rectangular areas in (A–D) are represented as the image sequences every 2 s
in (E–H), respectively. Fluorescence intensity proﬁles of the bundle structures marked with brackets at 0, 2, 8, and 18 s are shown in (E 0–H0). (t) and
(b) show the direction of actin bundles from the tip to the base. (FI) indicates the ﬂuorescence intensity in arbitrary units. Time is given in seconds.
Bars in D and H are 10 and 5 lm, respectively.
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cells (Fig. 5A, 3 s), EYFP-actin was scattered (Fig. 5B, 3 s).
After photobleaching, EYFP-actin appeared from the lamelli-
podial tip (Fig. 5B). This feature showed that most of the
EYFP-actin molecules were incorporated into the actin ﬁla-
ment and not diﬀused as monomers in lamellipodia of
C2C12 cells. The actin bundles visualised by ECFP-fascin
should be embedded in the lamellipodial actin meshwork. As
observed in NG108-15 cells, ECFP-fascin ﬂuorescence was
recovered gradually over actin bundles (Fig. 5A). EGFP-
lasp-1 also showed similar dynamics (data not shown). These
results conﬁrmed that the turn-over of actin binding proteins
was similar in both neural and non-neural cells.4. Discussion
In the present study, we showed that EGFP-tagged fascin
and two lasp family proteins on actin bundle were recoveredform the base of bundle against the retrograde ﬂow of actin ﬁl-
ament after photobleaching. One explanation is that these ac-
tin binding proteins have less aﬃnity to a newly polymerised
part of actin bundle near the tip than a pre-existing one of
the base. According to this possibility, the upgradient slop of
ﬂuorescence intensity shown in Fig. 2 might be caused by the
selective accumulation of actin binding proteins to a pre-exist-
ing bundle. But EGFP-fascin showed a rapid exchange on the
actin bundle detached from the lamellipodial tip and a non-
selective interaction over the actin bundle (see Fig. 4). Free ac-
tin-binding protein molecules should show a non-directional
movement prior to interact with actin ﬁlaments in lamellipo-
dial cytoplasm. As a result, their ﬂuorescence recovery would
be observed as a diﬀusional process on actin bundles. Thus
we propose a model for the dynamics of actin bundles in lamel-
lipodia based on the rapid exchange of actin binding proteins
with their cytoplasmic counterparts (Fig. 6). In this model,
each actin ﬁlament in the bundle is anchored to the cell mem-
brane via a tip complex [25]. Recently Ena/VASP proteins,
Fig. 3. Kinetics of ﬂuorescence recovery in NG108-15 cells. The
square measurement windows of 0.025 lm2 (grey boxes) were set as
indicated in A. (B) The ﬂuorescence recovery of EGFP-tagged fascin,
lasp-1, and lasp-2 (n = 10 from four diﬀerent cells for each protein).
Each ﬂuorescence intensity was normalised by the average intensity at
the ﬁnal plateau value (PV). Error bars indicate S.D.
Fig. 4. Diﬀerential turnover of fascin when compared with that of
actin in NG108-15 cells. Cells were cotransfected with ECFP-actin and
EYFP-fascin and photobleached at 0 s. (A–E) ECFP ﬂuorescence
images are shown in the left panels and EYFP in the right.
Fluorescence intensity proﬁles of the rectangular areas in (A–E) are
indicated in (A 0–E 0). Corresponding images of ECFP-actin (1) and
EYFP-fascin (2) are attached at the bottom of the ﬂuorescence proﬁles
in (A 0–E 0). (a) and (f) indicate the proﬁles of ECFP-actin and EYFP-
fascin, respectively. Arrows in (A–E) indicate the actin bundle
detached from the lamellipodial tip after photobleaching. (t) and (b)
show the direction of the actin bundle from the tip to the base. (FI)
indicates the ﬂuorescence intensity in arbitrary units. Time is given in
seconds. Bar: 10 lm.
Fig. 5. ECFP-fascin recovered from the anterograde direction in
C2C12 cells, as observed in NG108-15 cells. C2C12 cells were
cotransfected with ECFP-fascin and EYFP-actin and photobleached
at 0 s. ECFP and EYFP ﬂuorescences are shown as A and B,
respectively. Arrows indicate the bundle structures visualised by
ECFP-fascin. Time is given in seconds. Bar: 5 lm.
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tiate the formation of actin bundle through the inhibition of
actin ﬁlament capping at barbed end near the lamellipodial
tip [31]. At the tip of the actin bundle, these complexes are sup-
plying monomeric actin to the barbed end of actin ﬁlaments to
push the cell membrane and produce retrograde ﬂow
(Fig. 6A). According to our observation, while actin ﬁlaments
ﬂow in a retrograde direction, fascin and lasp family proteins
on the ﬁlaments should rapidly exchange with their free cyto-
plasmic counterparts. It has been reported that the retrograde
movement of EGFP-fascin with actin ﬁlaments in Helisoma
neuronal growth cones [28]. In our data, EGFP-tagged fascin,
lasp-1 and lasp-2 seemed to move in a retrograde direction
over actin bundles in lamellipodia extended from NG108-15
cells (see non-breached areas in Supplemental video1.mov).
Such long range movement of them, however, should be a mis-
interpretation of time-lapse image sequences. Considering that
their localisation depend on the distribution of actin ﬁlaments
that show an actual retrograde ﬂow in lamellipodia, their ﬂuo-
rescence pattern should reﬂect actin distribution while they are
exchanging rapidly on actin bundles. Further analysis by ﬂuo-
rescence speckle microscopy would provide information about
the actual movement of single actin-binding protein molecule
on single actin bundle. When the bundles are gathering by
their lateral movement in response to an extracellular signal
(outline arrows in Fig. 6A), fascin and lasp family proteins
in a cytoplasmic pool should cross-link between actin ﬁlaments
of the contacted bundles to form a thicker one (Fig. 6B). In
this model, the actin bundle is initiated by the clustering of
the tip complex at the lamellipodial tip but not by cytoplasmic
actin binding proteins. Fascin and two lasp proteins would sta-
bilise the bundles as a mass of cross-links between actin ﬁla-
ments rather than induce the bundle in lamellipodia.
Considering the distribution of lasp-1 and lasp-2 over lamelli-
podia, some of these molecules might attach laterally on actin
ﬁlaments in the lamellipodial meshwork in addition to the
Fig. 6. Tip complexes attached to the inner surface of the cell
membrane recruit proﬁlactin to the lamellipodial tip for supplying
monomeric actin to the barbed ends of actin ﬁlaments (A). The
retrograde ﬂow of actin ﬁlaments in the bundle occurs during this
process (grey arrows). Proﬁlin molecules are omitted in this illustration
for simplicity. Actin ﬁlament bundling proteins, such as fascin and lasp
family proteins, cross-link the ﬁlaments in the bundle to project
ﬁlopodia. These molecules in the bundle are exchanged rapidly with
free cytoplasmic counterparts. By an extracellular signal, actin bundles
start gathering to contact by side from their tips (outline arrows). Free
cytoplasmic fascin and lasp family proteins recruit to the contact to
form cross-links immediately, but each cross-links are not stable due to
the rapid exchange of these molecules (B).
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ulin fragment [32].
In addition to Ena/VASP proteins, many molecules have
been shown to localise to the tips of lamellipodia and/or ﬁlopo-
dia [1]. VASP has been reported to bind to lasp-1 in vitro [14],
but a physiological role of that interaction is still unclear.
EVH2 domain of VASP has been shown to protect barbed
ends of actin ﬁlaments from capping by heterodimeric capping
protein (CP) [33]. Lasp family proteins might participate in the
modiﬁcation of the interaction of VASP with CP. Recently
140 kDa isoform of palladin has been identiﬁed to bind to
lasp-1 in addition to VASP, zyxin and a-actinin, and partici-
pate in recruiting lasp-1 to actin stress ﬁbres [34]. Since lasp
family proteins bind directly to actin ﬁlament [5], 140 kDa iso-
form of palladin may modulate the actin binding activity of
lasp-1 at stress ﬁbres. These previous reports imply that the
tip complex may modulate the activity of actin binding pro-
teins in ﬁlopodial actin bundles. Rho family small G-protein
Cdc42 promotes ﬁlopodial protrusion, but its target mole-
cule(s) at the ﬁlopodial tips have not yet been determined.
To understand the process of ﬁlopodia formation in lamellipo-
dia, the manner in which the localisation of the tip complex isregulated at the tips of ﬁlopodia and lamellipodia needs to be
clariﬁed. Further analysis of the components of the tip com-
plex and that interaction with actin binding proteins should
provide information regarding this mechanism.
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